Recent innovations in polymer science have enabled the design of novel physical hydrogels for a range of biomedical applications including tissue engineering scaffolds and injectable cell-and drug-delivery vehicles. In these systems, the polymeric network is cross-linked by transient, noncovalent associations such as hydrophobic interactions, chain entanglements, hydrogen bonds, ionic bonds, or microcrystal formation.
). We recently reported a protein-engineered physical hydrogel system termed MITCH (mixing-induced two-component hydrogel) that assembles through specific and stoichiometric chain interactions. 8 The hydrogels are composed of two recombinant protein polymers, each containing multiple repeats of the CC43 WW domain or its proline-rich PPxY ligand, which interact with a 1:1 stoichiometric ratio ( Figure 1a) . 9 Spontaneous network assembly is driven by specific recognition between these peptides, thus allowing solÀgel transition to occur by simple mixing. These materials were previously demonstrated to enable cell encapsulation under constant physiological conditions, a significant advantage over commonly used biomaterials (e.g., collagen and Matrigel) that involve cell exposure to pH and temperature shifts for gel formation. Here we combine protein science techniques and polymer physics theory to show that the bulk viscoelastic properties and solÀgel phase transitions of MITCH can be predicted by studying and controlling polypeptide binding interactions at the molecular level.
While a suite of protein science methodologies is routinely available for molecular biology research, its capability has not been deeply exploited in the field of polymer technology. Here we control chainÀchain interactions through variations in temperature, stoichiometric ratio, and polymer concentration and use protein science tools to interrogate the resulting polypeptide chain behavior. We further demonstrate how the coupling of these molecular-level measurements with polymer physics theory allows the predictable translation of these dynamic chain interactions into macroscopic viscoelastic properties.
' MATERIALS AND METHODS
Synthesis and Purification of Engineered Proteins. The engineered proteins were cloned, synthesized, and purified, as previously reported. 8 In brief, DNA sequences encoding the C7 and P9 block copolymers were cloned into the pET-15b vector (Novagen) and transformed into the BL21(DE3) Escherichia coli host strain (Novagen). Recombinant proteins were expressed following isopropyl β-D-1-thiogalactopyranoside (IPTG) induction, purified via specific binding of N-terminal polyhistidine tags to Ni-nitrilotriacetate resin (Qiagen), buffer exchanged, and concentrated in phosphate-buffered saline (PBS) by centrifugation across 10 kDa MWCO Amicon Ultracel-10K filter units (Millipore). Protein identity and purity were confirmed by gel electrophoresis, MALDI-TOF mass spectrometry, and amino acid compositional analysis. in buffer TN (100 mM TrisHCl and 100 mM NaCl, pH 8.0) were mixed with sample protein solutions to a final particle volume fraction of 1.8 Â 10
À3 . The absence of tracer aggregation was confirmed through dynamic light scattering ( Figure S3 of the Supporting Information). The mixtures (10 μL) were pipetted immediately between a microscope slide and a coverslip separated by a 120 μm thick SecureSeal Imaging Spacer (Grace Bio Laboratories). Silicon sealing grease (Corning) was used to seal the coverslip edges to minimize sample dehydration. Samples were equilibrated for at least 2 h prior to particle tracking. An optical microscope (40Â oil-immersion objective, Carl Zeiss) with a high-speed CCD camera (frame rate = 30 Hz, iXON DV897; Andor Technology) was used to record the Brownian dynamics of tracer particles for 16.6 s, at the resolution of 0.25 μm/pixel. Approximately 100 particles were seen in each image. Particle positions in each frame were determined to subpixel accuracy by computing the brightness-weighted centroid within a circular mask of 13 pixels. Static errors in centroiding were minimized by spreading the tracer image over a sufficient number of pixels to represent the particle's brightness distribution reasonably. 10 This was achieved by keeping illumination levels near the maximum allowable by detector saturation. Dynamic errors arising from the underestimation of tracer motion were minimized by choosing an exposure time (0.00002 s) that was infinitesimal relative to the time interval between successive movie frames.
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Stacks of images were analyzed using IDL software (version 7.0) to determine the 2D particle trajectories, ensemble-averaged meansquared displacement (MSD), and viscoelastic parameters following the algorithms of Crocker and Grier. 12 Multiple measurements were obtained from independent samples to ensure data reproducibility.
Bulk Rheology. Dynamic oscillatory rheology experiments were performed on an Anton Paar Physica MCR 301 rheometer with a parallel-plate geometry (d = 8 mm, gap = 0.15 mm). Samples were prepared by mixing equal volumes of 10.0% w/v P9 and 10.0% w/v C7 solutions and loaded immediately onto the instrument. A humidity chamber was placed around the samples to prevent dehydration, and the temperature was maintained at 25 ( 0.02°C by a Peltier temperature control unit. Gel formation was monitored by dynamic time sweep experiments (frequency = 0.5 Hz, strain = 5%). Once the storage (G 0 ) and loss (G 00 ) moduli had reached plateau values, strain sweeps (5À15%) were performed at constant angular frequency (0.5 Hz), which was verified to be in the linear viscoelastic regime. The frequency dependence of G 0 and G 00 (ω) in the range of 30À0.05 Hz was subsequently measured under a constant 5% strain.
Dynamic Light Scattering. The hydrodynamic dimensions of C7 and P9 in PBS were determined at 25°C by dynamic light scattering using the Nano-Series ZetaSizer (Nano-ZS ZEN3600, Malvern Instruments, Worcestershire, U.K.), equipped with a standard 633 nm laser. Polymer diffusion coefficient was calculated from autocorrelated light intensity data and converted to hydrodynamic radius (R H ) using the ZetaSizer software according to the StokesÀEinstein equation. Subsequently, R H was used to compute the overlap concentration (c*) assuming close-packed noninteracting hard spheres. Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) experiments were carried out on an ITC200 isothermal titration calorimeter (Microcal, GE Healthcare). Calorimeters were electrically calibrated according to the manufacturer's instructions. In one set of experiments, 10 μM of C7 and 500 μM of P1 were loaded into the calorimeter cell and titration syringe, respectively. In a separate set of experiments, 50 μM of C7 and 500 μM of P9 were loaded to the cell and syringe, respectively. Titrations were carried out using 15À20 injections at 3 to 4 min intervals at a constant temperature of 25°C. All protein solutions were prepared using the same PBS solution. Raw ITC thermographs were analyzed using the Origin software (version 7.0), assuming independent and identical binding site model.
' RESULTS AND DISCUSSION
Harnessing recombinant DNA technology, the C7 and P9 modular constructs ( Figure S1a of the Supporting Information) were expressed with high fidelity in Escherichia coli, producing polymers with exact and monodisperse molecular weights (MW), as verified through gel electrophoresis and dynamic light scattering (DLS) (Figures S1 and S2 of the Supporting Information). For physical hydrogels, the scaling properties of the polymer chains in a particular solvent can dictate solÀ gel phase transitions. Owing to the high occurrence of acidic amino acids in the hydrophilic spacers, C7 and P9 are both polyelectrolytes, with isoelectric points of 4.46 and 3.60, respectively. In pure water, polyelectrolyte chains assume an extended configuration because of intramolecular electrostatic repulsion. In physiological solvents of intermediate salt concentration such as PBS, charges are screened by counterions, causing the polyelectrolyte chains to coil into an ideal random-walk configuration. The scaling properties of these screened polyelectrolytes are analogous to those of self-avoiding neutral polymers in a good solvent. 13 In a dilute solution, individual chains behave as noninteracting spheres with a hydrodynamic volume of R H values enable estimation of the critical overlap concentration (c*) at which chains begin to touch, marking the transition from the dilute to the semidilute regime. Using the relation c* = MW/N A V H (where N A is Avogadro's number), C7 and P9 chains were predicted to start overlapping at 10.1 ( 3.5 and 10.0 ( 2.3% w/v, respectively. Beyond the overlapping point, the chains will begin to entangle as the concentration exceeds c e , the critical concentration that separates the semidilute unentangled and semidilute entangled regimes. Within the observed experimental time scale, nonspecific chain entanglements will alter network viscoelasticity, thus confounding the tuning of material mechanics by specific domain association. To prevent these nonspecific interactions, C7 and P9 solutions were mixed at or below their respective c* values in all hydrogel preparations.
Passive microrheology, a technique that measures material viscoelasticity by probing the thermal motion of embedded tracer particles, 12, 14, 15 was used to observe experimentally the scaling properties of C7 and P9 polymers in different concentration regimes. The power-law dependence of particle mean-squareddisplacement (MSD) with lag time (i.e., <Δr 2 (τ)> ∼ τ α ) can vary from α = 1 to 0, representing a continuum from purely diffusive (Newtonian) to purely elastic properties, respectively. Prior to mixing, individual C7 and P9 polymer solutions at 10.0% w/v exhibited subdiffusive behaviors, having α values of 0.92 and 0.88, respectively (Figure 1b) . Deviations from the ideal Newtonian behavior (α = 1) were attributable to the storage of elastic energy as the polymers are disturbed from their equilibrium coiled configurations under shear. 16 Conversely, tracer particles in the C7:P9 mixture exhibited restricted trajectories with nearly time-independent MSD (α = 0.01), demonstrating the transition into the elastic regime and the formation of a hydrogel. High throughput microrheology was used to probe the scaling behavior of specific viscosity (η sp = η/η o À 1, where η o is the viscosity of pure solvent) across a range of C7 and P9 solution concentrations (Figure 1c ). In agreement with solution dynamics theory, C7 and P9 both appeared to traverse three regimes (dilute, semidilute unentangled, and semidilute entangled) as the solutions became more concentrated. In each regime, the experimentally obtained scaling closely approximated the theoretical values for neutral polymers in a good solvent 17 9 for c > c e ), confirming that the C7 and P9 polyelectrolytes behaved as neutral, selfavoiding random coils in physiological buffer. Below 10.0% w/v, C7 and P9 obeyed the scaling behavior of dilute polymers, in excellent agreement with the theoretical predictions of c* from DLS measurements of molecular radii.
The network structure of MITCH is held together by transient bonds (van der Waals interactions and hydrogen bonds) that are responsive to changes in temperature, pH, and ionic strength. In the clinical setting, variations in pH and ionic strength can be minimized by using buffered solutions. Temperature fluctuations are more difficult to control and can trigger thermal denaturation of protein-based materials. We used CD, a widely established method for identifying peptide secondary structures, to assess the operational temperature limits of MITCH. The far-UV CD spectrum of a WW domain exhibits a weak positive ellipiticity centered at 230 nm, characteristic of antiparallel ß-sheet secondary structures. 18 Temperature scans of a single C domain at 230 nm demonstrated the maintenance of stable domain conformation up to 52°C (Figure 2a) . The PPxY sequence in the P domain adopts a left-handed poly(L-proline) II helical structure, signified by a strong negative peak at 200 nm. 19 CD analysis at 200 nm produced a linearly increasing thermal titration curve, reflecting a gradual transition toward an unordered structure. On the basis of these CD analyses, C7 and P9 solutions were predicted to remain active for hydrogel formation at temperatures below 52°C.
To test these predictions, we used microrheology to construct a solÀgel phase diagram mapping the effects of polymer concentration and temperature on material viscoelasticity (Figure 2b) . The solÀgel phase boundary can be defined using the criteria that at the critical gelation point, the MSD exhibits an invariant power law scaling over all lag times (i.e., <Δr 2 (τ)> ∼ τ a , where a is the critical relaxation exponent of the gel network) (refs 20 and 21) . Precise determination of the critical exponent a requires the measurement of MSD over a much wider range of time scales than experimentally feasible. However, assuming that C7 and P9 behave as self-avoiding, dilute polymers with hydrodynamic interactions, the underlying MITCH dynamics can be approximated to obey Zimm-like behavior in a good solvent, for which solÀgel transitions occur at a = 0.55 (refs 21 and 22) . Using this critical gelation criteria, samples whose MSD plots lie above and below <Δr 2 (τ)> ∼ τ 0.55 were classified as sol and gel, respectively ( Figure S4a of the Supporting Information). As expected, the probability of gel formation correlated positively with concentration. At 2.5% w/v, C7:P9 mixtures behaved as freeflowing solutions (α ≈ 1). As concentration was increased, the α value quickly diminished, approaching elastic values (α ≈ 0) at 10.0% w/v. Weak gels formed at 5.0% w/v transitioned into the sol phase as the temperature was raised above 50°C, in agreement with the molecular-level CD prediction. At this elevated temperature, the C domain begins its thermal unfolding and is no longer an active binding partner for gel formation. Domain unfolding exposes internal hydrophobic amino acid residues, which can act as nucleation sites for nonspecific aggregation at high concentrations. Consistent with this, white precipitates were observed in the 7.5 and 10.0% w/v mixtures at 70°C. While microrheology is useful for rapid characterization of viscoelastic properties, the impracticality of tracking particles over infinite time intervals may introduce significant errors in the computation of G 0 and G 00 , especially near the frequency extremes. 23 Bulk oscillatory rheology was thus performed in parallel to compare accurately the frequency dependence of G 0 and G 00 values at 25 and 37°C (Figure 2c ). In the low-frequency range, G 0 was greater than G 00 at both temperatures, reflecting a gel state. In the high-frequency range, G 00 was observed to exceed G 0 , highlighting the predominance of viscous dissipation by the solvent molecules over elastic storage by the network, as commonly observed for weak physical hydrogel systems such as MITCH. 22, 24 The low-frequency plateau storage modulus of 10.0% w/v C7:P9 gels at 25°C was G 0 = 32 Pa, comparable to that of Matrigel, a cell transplantation vehicle widely used in animal studies. As comparisons, other self-assembling peptidebased networks such as Puramatrix, leucine zipper hydrogels, and β-hairpin MAX1 hydrogels have storage modulus values of 5, 200, and 2500 Pa, respectively. 7, 25, 26 Raising the temperature to 37°C resulted in lower storage modulus across the measured frequency range, suggesting the weakening of gel network with temperature. Gel weakening was also observed through microrheology for 5.0% w/v mixtures across a temperature range of 4À50°C ( Figure S4b of the Supporting Information). At higher temperatures, thermal excitation causes C:P interactions to be less stable and more transient, leading to a reduction in the number of cross-links and consequently a decrease in storage modulus.
A key advantage of MITCH is the ability to predict how variations in molecular composition affect macroscopic gel behavior. In the C7:P9 gel network, cross-linking density is synonymous to the concentration of P domains that are bound ([P] bound ). Cross-linking density is also inversely related to the molecular weight between cross-links (M c ), which in turn is inversely proportional to the storage modulus (G 0 ) of a hydrogel. 17 Therefore, the storage modulus (G 0 ) of the MITCH system is directly proportional to [P] bound , which by virtue of 1:1 binding stoichiometry is numerically identical to [C] bound .
Utilizing this direct connection between molecular-level binding and gel modulus, we predicted how variations in protein concentration and C:P domain stoichiometric ratio would affect gel viscoelasticity by estimating [P] bound for two limiting cases. We first considered the case of "independent domains", with the assumption that domain concatemerization does not impose geometric restrictions. In this model, all C and P domains are freely accessible for binding and have an equilibrium association constant (K b ) of 5.88 Â 10 5 M À1 , identical to the monomeric domains. 9 Treating the C and P domains as receptor and ligand, respectively, the noncooperative equilibrium binding model (eq 1) (ref 27 ) was used to calculate [P] bound for mixtures with varying concentrations of C7 and P9 polymers and hence different relative proportions of independent C and P domains (denoted as C:P ratios).
Here r is the fraction of bound ligand per total receptor, [L] free is the concentration of free ligand, and n is the number of binding sites on the receptor. For the independent domains case,
bound , and n = 1. Using this model, the maximum extent of binding [P] bound,max was calculated to occur at a C:P ratio of 1.00 (Figure 3a , solid black line), suggesting that if all domains were freely accessible, mixtures with equal numbers of C and P domains would yield the stiffest hydrogels. This prediction is intuitively consistent with the inherent 1:1 binding stoichiometry, as any deviation from this ratio would lead to excess binding domains that do not contribute to the network structure. In a real protein hydrogel, the assumption of "independent domains" may not be realized because receptorÀligand interactions are influenced by spatial context. Concatemerization of C and P domains into C7 and P9 polymers may cause the effective C:P binding stoichiometry to depart from the ideal, freely diffusible scenario. Owing to constraints such as chain connectivity and spacer rigidity, the binding domains have limited degrees of kinetic freedom and may be sterically inaccessible for binding. Modeling C7 as a receptor with identical but independent binding sites, isothermal titration calorimetry (ITC) analysis with single P peptides (P1) revealed 7.46 apparent binding sites per C7 molecule (Table 1) . Therefore, all C domains in C7 were functional and available for binding to free ligand. However, when titration was performed against P9, only 2.32 effective binding sites in C7 were observed, supporting the hypothesized reduction of binding accessibility that would ensue from domain concatemerization. Taking into account the domain repeat frequency within each polymer, the apparent C:P binding stoichiometry in C7:P9 mixtures was calculated to be 0.34. That is, approximately one in three P domains in P9 is available for effective interaction with each of the C domains in C7.
With this insight, eq 1 was used to calculate [P] bound for the second limiting case of "independent chains", which takes into account potential constraints due to domain connectivity. Here C7 was treated as a receptor with n = 2.32 effective binding sites, each occupied by one P9 ligand (i.e., r = [P9] bound /[C7] total ). With this binding model, [P] bound,max was predicted to occur at a C:P ratio of 0.34 for C7:P9 gels at 10.0% w/v (Figure 3a , dotted black line). This ratio is numerically equal to the apparent C:P binding stoichiometry measured by ITC, reiterating the intuition that gels of highest storage modulus are formed when neither binding partner is in excess. Because the noncooperative equilibrium binding model (eq 1) always assumes that the ligand is monovalent, the limiting case of "independent chains" neglects the ability of P9 to bind more than one C7 receptor at a time. The disregard of P9 multivalency in this limiting case provides an underestimatation of the effective C:P binding stoichiometry observed in actual C7:P9 networks.
From these theoretical analyses of molecular-level binding dynamics, we hypothesized that the stiffest hydrogels would form at a C:P ratio intermediate between the two limiting cases above. To verify, we constructed a solÀgel phase diagram mapping various C:P ratios and concentrations by microrheology (Figure 3b ). The observed phase boundary had an extremum at a C:P ratio of 0.50. Consistent with our hypothesis, this ratio was shifted downward from the ideal "independent domains" ratio of 1.00 but was higher than the 0.34 ratio predicted from the "independent chains" model. Across all concentrations, mixtures with a C:P ratio of 0.50 not only exhibited the highest degree of elasticity (i.e., having the lowest α values), but also formed the strongest network (i.e., having the lowest MSD values and the lowest creep compliance J(τ), Figure S5 of the Supporting Information). In an elastic material (α ≈ 0), MSD is inversely proportional to the storage modulus G 0 , and thus, MSD
À1
provides a measure of gel stiffness. The maximum gel stiffness for 10.0% w/v C7:P9 was found to occur at a C:P ratio of 0.50 ( Figure 3a , red squares), which is between the two ideal predictions. The agreement between these microrheological observations and the molecular binding dynamics predictions demonstrates MITCH as a platform that enables the direct translation of molecular-level interactions to macroscopic-level solÀgel mechanics.
' CONCLUSIONS While many novel physical hydrogel cross-linking strategies have been developed, the interaction mechanisms typically lack molecular specificity. Consequently, the mechanical properties of the resulting hydrogels often rely on empirical tuning. Proteinengineered block copolymers are ideal model systems for tapping the synergy between protein science and polymer theory in the creation of hydrogels with molecular-level control of bulk mechanics. As an example, the MITCH system, which is designed to have specific and stoichiometric receptorÀligand interactions, enables direct bottom-up predictions of crosslinking density, solÀgel phase behavior, and gel mechanics. The MITCH materials are currently being explored for applications in tissue engineering and cell delivery, where viscoelasticity is a critical parameter that dictates cellular function.
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